
]~I\NA~F,: Sclcncc Parlance PAGE:  1 SESS: 4 OUTI’LJT:  Wed Oct 2 11:49:25 1996
/pr6/pr85/tean] 3/science/original/se4203d96r

I—

:1 ~ ,..,  , ‘~  .:  ‘; /, ‘.” [ : .?-’  ! y ,,.,~  ‘“’j. i;
. . . . . . . . .: .,.  ${,,, !,.. ,.‘.

Near-Infrared Spectroscopy and Spectral
Mapping of Jupiter and the Galilean Satellites:

Results from Galileo’s Initial Orbit
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R. Burns, S. Calcutt, W. Calvin, R, Clark, G. Danielson,
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The Near Infrared Mapping Spectrometer performed spectral studies of Jupiter and the
Galilean satellites during the June 1996 perijove pass of the C+alileo spacecraft. Spectra
for a 5-mm hot spot on Jupiter are consistent with the absence of a significant water cloud
above 8 bars and with a depletion of water compared to that predicted for solar com-
position, corroborating results from the Galileo Probe. Great Red Spot (GRS) spectral
images show that parts of this feature extend upward to 240 millibars, although con-
siderable altitude-dependent structure is found within It. A ring of dense clouds sur-
rounds the GRS and is lower than it by 3 to 7 kilometers. Spectra of Callisto and
Ganymede reveal a feature at 4.25 millimeters, attributed to the presence of hydrated
minerals or possibly C02 on their surfaces. Spectra of Europa’s high latitudes imply that
fine -grained water frost overlies larger grains. Several active volcanlc regions were found
on 10, with temperatures of 420 to 620 kelvin and projected areas of 5 to 70 square
kilometers.

]n late June 1996, the Galileo spacecraft
obtained its first remote sensing measure-
ments within the jovian system. The Near
Infrared Mapping Spectrometer (NIMS)
performed spectroscopic and spectral map-
pin~ measurements of Jupiter’s atmosphere
and the surfaces of the Galilean  satellites.
The NIMS instrument ( 1 ) has a modest
spectra] resolving power of 40 to 200 from
0,7 m 5.2 p,m, hut combines this with spa-
tial coverage at a resolution of 303 to 803
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km for Jupiter and a few to several hundred
kilometers for the Galilean  satellites. A
large number of atmospheric molecules, sur-
face minerals, and condensates exhibit cii-
agnostic spectral signatures in the NIMS
range, so the measurements represent a
powerful tool for investigating a wide range
of processes on Jupiter and its moons. Here
we present some results from the first orbital
pass, which provided coverage of the planet
and all four Galilean  satellites (2).

Initial observations concentrated on two
prominent and mysterious features of Jupi-
ter’s atmosphere: 5-~m  hot spots and the
Great Red Spot (GRS).  Hor spots are re-
gions where the upper cloud cover is rela-
tively thin, so that thermal emission from
the warm lower atmosphere escapes and can
he observed by NIMS,  especially at wave-
lengths in the specrral  window near 5 ~m
where the gaseous absorption is also low.
The Galileo enrry probe descended into
such a region (3), and made compositional
and other measurements. Two striking find-
ings were the low abundance of water va~r
relative to solar composition models of Ju-
piter and the absence of the predicted dense
warer cloud (4). NIMS  measurements in
hot spots probe down to pressures of several
bars, so interesting comparisons are possi-
.hle.. and N IMS can extend th~ probe data to

SWctra  were obtained for a targeted hot
spot, ider~tified prior to  Gal i leo’s  orbital
pass usirlg ground-bawd telescc,pes. I’he  lo-
catim) of these specrrd are showtl super im-
posed on a cc~nten~~jc~r:t[]eo~ls  ground-based
irna~e (Fig. 1 ) and span the fea[ure  from
center to edge. Therlllal  emission is strcr~lg-
est at the center (Fig. 2), where the reflect-
ed solar intensity ar 1.1 and 2.7 ~m is
lowest (Fig. 3), as would  be expected if the
hot spot was indeed produced by a localized
thinning of the rnaitl cloud deck. Within
ammonia bands the opposite was found—
the intensity of reflected light was greater in
the hot spot, even though the clouds were
presumably thinner there---suggesting that
ammonia was depleted within the hot spot.
The lower ammonia content nmv be ..rn-
nected with the low water vapor amounts,
that is hot spots may he generally dry with
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Fig. 1. 4.8-Urn image of the hot spot, obtained 28
June 1996 at the NASA IRTF at M&.Ina Kea, Ha-
waii using NSFCAM. The location of the four NIMS
pixels are ehown, each being 850 km in width and
height, The rwrthernrrmst pixel wcurs  at 7.O”N.
This hot spot disappeared two days later. Possi-
ble latitude and longitude errors for the pixel as-
semblage are about one haii to one pixel.

Fig, 2, Hot spot thermal emissiol?  speclrum (in
red), for the end pixel of Fig 1 located within the
hot spot. Absorption regions are indicated for
various molecules. A model flt is shown in black
and based partly upon the Probe measure-
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respect to all condensates relative to their
surroundings, or may he a result of reduced
amounts of ammonia ice as part of the
~elleral  reduction in cloud cover (5). Curi-
ously, however, a high thin cloud, thought
to he am[nonia  cirrus, appeared to be en-
hanced over the hot regions surrounding
the GRS  (compare Fig. 4, C and D).

Thermal emission spectra in the 4- to
5-pm re~ion show features attributed to
minor constituents that are present in the
]ovian  troposphere, specifically germane
(Gek14),  phmphine (PH3) a n d  rieuterated
methane (CHjD),  as well as water vapor,
ammonia, and met}lane. The observed
spectrum of Fig. 2 can he fit with computed
synthetic spectra hased on the measure-
ments by the Galileo entry probe (7). Al-
though our synthetic spectra do not give a
unique fit to the data, we find that the
NIMS spectra are consistent with the ab-
sence of a water cloud in the range sounded
(5 to 8 bars), and that water mixing ratios
are well below that which would he expect-
ed if Jupiter were well mixed and had a solar
abundance of oxygen. We also find that
there is a fairly thick cloud (optical depth of
approximately 1 at 5 ~m)  at a high level,
again consistent with the probe, which
placed rhis cloud at about 1.5 bars.

The GRS  was observed at several phase
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Fig. 3. Spectra in the reflected sunlight region. (A)
NIMS spectra Inside the hot spot (red) and outside
(blue), the end pixels in F19. 1. A Lambertian sur-
face would have a radiance coefficient of unity. (B)
Ratio of the spectra outside the hot spot to inside
it, (C) Transmission spectrum of NH3 gas and a
reflection spectrum of NH3 frost (4). Note that the
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and hour angle cc)mhitlatiom  a~ld in spec-
t r a l  bands with different absor~~tior~
strengths, eriahling  vertical soundilig of the
clouds and providing infor[l~ati{~rl  shout
particles within it (Fig. 4). It call he scert
that the GRS system had a higl~-altitude
core (Fig. 4C) , eviclent in the 1.76-pm
methane absorption hand, which cloaks the
lower atmosphere and is useful fc,r sourding
high clouds  This core was offset to the east,
upwind relative to the prevailing jet flow,
and showed ccmsicferahle s!rLICtllM?,  which
was clifferenr in each channel. The core was
surrounded by a bright  annulus,  evident in
both the 0.76- and 2.7-~m  images hut ab-
sent in the 1.76-Km  image, indicating that
it was lower in altitude. This core in turn

Fig. 4. Spectral images of the Great Red Spot.
(A) is for a continuum wavelength of 0.76 pm
and shows the visual appearance of the clouds,
largely unaffected by absorption, (B) 2.73-Km
image, which probes slightly higher and IS SWl-
sitive to ammonia ice absorption. Differences
between A and B can arise from spatially variable
cloud particle properties. (C) 1.76 pm image,
which senses clouds at relatively high altitudes,
(D) thermal emission at 4.99 Km, showing net
*10, ,A +.-..,=ranfi,,i,, Im all cacac red  rfrnrfrsents

was surrounded by a region of relatively
clear atmosphere, like an exrended  hot spot
(Fig. 4D), which passed either side of the
GRS but was much wider to the north. As
noted above, there was a high altitude haze
assc~ciated with this relatively clear region,
which can he seen clearly in Fig. 4C. Ther-
mal emission features were abundant, M-
curring  even within t}]e GRS

NIMS multiwavelength  imageky within
various absorption hands of well-rnixed gas-
es (primarily H2 and CH4) can bc u~ecl for
quantitative evaluation of the cloud top
pressure levels, among other parameters.
LJsing a two-cloud model, with the top of
the upper cloud deterlnined  from the mea-
sured radiances and radiative-transfer calcu-
lations (8), we find that the highest regions
of the GRS extended to a pressure level of
240 mbar, approxirnarely  20 km ahove its
assumed base at 700 mbar. The eastern
portion of the surrounding ring, at its
brightest pint (Fig. 4, A and B), is lower
than the GRS peak by approximately 3 km
(pressure of -280 mhar),  The western por-
tion of the ring is even lower, by about 4 km
(pressure of -340 mhar),  from the brightest
eastern point.

We obtained spectra of Callisto  at low
spatial resolution (650 km) and high phase
angle (1230). These spectra (for example,
Fig. 5) show some weak water ice features,
hut the spectra are dominated by peaks in-
dicative of the presence of hydrated minerals
(including possible hydroxides), as the C)H
stretching transition near 3 ~m is strong but
the shorter-wavelength water hands are
nearly absent  (9). A new absorption feature
was observed in Callisto’s spectrum at 4.25
~m (Fig. 5), and its strength appears to vary
with position on Callisto.  One  possible
Wurce for this ahsorptirm is CO* (Vrhaps as
a clathrate) in small concentrations (-0.5~o
by weight). Preferred candidates include hy -
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Fig. 5. Callisto Spectrum. This //F spectrum (/ is
radiance, and F is the solar irradiance) is an aver-
age of four pixels which show the least amount of
water ice features. 1 he previously unreported ab-
sorption at 425 ~m could arise from hydrated or
hvdroxvlated minerals or C02 perhaps m clathrate
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Fig. 6. Ganymede //f Spectra. Thre9 regions are
represented: the bright Osiris rays (red), Uruk Sul-
cus (green), and Marius Regio (blue), At long
wavelengths, the same spectra are shown with
factor of 10 enhancement. Note the 4.25 ~m fea-
tLlP3 in the Marius Regio spectrum. The noise level
is -0.005 in //F at long wavelengths.

cfrated and hyclmxylated minerals exhibiting
cmnhinaticm transitions such as
0} !(stretch)-M-OH( bending) (M represents
a metal atom such as Mg, Al, or Fe). A
numkr of materials exhibit such rransiticrns
near 4.3 ~m; future analysis and additional
spectra from later orbits will allow a more
definitive identification.

Ganymede  was targeted for close flyby
during the first orbit  of Galileo and was
mapped  globally at modest spatial resolu-
tion (- 100 km). Three spectra from repre-
sentative areas (Marius  Regio, Uruk Sulcus,
and the bright-rayed crater Osiris) are
shown in Fig. 6. The bright regions of Osiris
exhibit strong water ice bands, whereas the
water bands are modiftecl  and shifted in
Marius Regio and Uruk Sulcus, indicating

Wtvelcngth,  pm

Fig. 8. Spectrum of Europa in the northern pclar
region, shown as the open circles and represent-
ing a region at approximately 6(YN, 270”W. Two
laboratory measurements (11) of water Ice are
shown; the upper curve is for a thick layer of 200-
Lm grains whereas the lower curve is for a thin
layer of fme-grained frost on an ice surface. The
fine-grained surface frost reduces the apparent
strength of the 1.5- and 2-~m bands, but is suffi-
ciently transparent that photons penetrate Into the
lower ice to produce the relatively strong 104-
and 1.25-~m absorption. Note the similarity of
Europa’s  spectrum with the lower Cuwe. The

Fig. 7. Band depth maps of Ganymede and a comparison Voyager map. (A, left) is a digital mosaic of
Ganymede, (B, middle) shows the 2 Wm band depth variation, (C, right) is a false-color corrposite of the
1,5-and 2-I.mI band depths (blue and grecm color planes respectively) and the depth of the 4,25- ~m
feature (red).

the presence of hydrated minerals in these
regions (9). A 4.25-~m  feature was also
found on Ganymede  but is generally weaker
than that found on Callisto.

A 2.O-~m  band-depth map (Fig. 7B)
illustrates that water ice is nonuniformly
distributed over the surface; water ice is
relatively depleted in the visually dark re-
gions (Fig. 7A). Other factors such as tem-
perature, purity, grain size, and the presence
of hydrated s~cies can influence rhe hand
depth, so this abundance map is only ap-
proximate A false-color image (Fig. 7C),
which incorporates band depths at 1.5 ~m
(in blue)  and 2,0 Km (in green), shows that
the surface ice grain properties are fairly
uniform in the icy areas. The depth of the
4.25-pm feature is mapped in red, illustrat-
ing that the mineral causing this absorption
is distributed at low latitudes, implying
more exposure of non-water ice material.
The 1 .04-&m water ice absorption is also
stronger in the equatorial region, implying
that ice grains are larger there. Tlese two
observations, along with the  apparent fine-
grained  frosts in the polar regions, may sug-
gest that water migrates from the equator to
the poles. However, 02  also absorbs at 1.05
pm and may complicate this interpretation.

Arncmg the Jovian  moons, Europa has
long ken thought to have the largest
amount of pure water ice on its surface on
the basis of full-disk telescopic studies (10).
NIMS  obtained spectral maps with cover-
age of the northern po!ar regions (Fig. 8).
The spectral shape resembles telescopic
spectra for the trailing hemisphere (JO) and
is consistent with a fine -graincd  water frost
overlaying a coarser grained ice component
m a glazed surface [see Fig. 8 and (f I )].

Several discrete regions of volcanic ac-
tivity were found on 10, each showing
blackbody-like  emission ktwcen 2 and 5
~m. The hemisphere ohserved was that
with central meridian longitude of 135°W.
An area of -15 kmz near the equator at
approximately 90’W longitude was found
4-. . L. -e~,>:.,~..~fi .- .te.mmpr~t,.,re.  0(.460 ..K.

site Hi[iaka  found in 1990 ground-based
observations ( 12), The Amirani region was
found to emitat510 K with a projected area
of 40 kmz while emission from the vicinity
of Prometheus showed temperature of 590
K and a projected area of 7 kn]2.  Other hot
areas range from 420 K to 620 K, with
corresponding areas of 70 and 5 km2.
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